The present study deals with chromosome variability and meiotic abnormalities present in Asplenium trichomanes L., a well-known medicinal fern. The meiotic analysis of spore mother cells (SMCs) on population basis covering wide altitudinal habitats revealed diploid (n=36) and tetraploid (n=72) cytotypes. The observation of meiotic abnormalities, their relative comparison of spore size and stomatal size, and their distribution in Kashmir Himalayas revealed a difference of these cytotypes. Significant differences in the two cytotypes were found in the sizes of spore and stomata, and distributions. Compared to the restricted distribution of the diploid cytotype, the tetraploid cytotype is common in distribution and found at various altitudes in Kashmir forests. Irregular meiotic behaviors in some SMCs were observed as the presence of stickiness, unoriented bivalents, laggards, bridges, interbivalent connections, non-synchronous disjunction in both cytotypes. The formation of triads and polyads seem to lead spore sterility.
The maidenhair spleenwort, A. trichomanes, is a delicate fern that grows in tufts usually in rock crevices from a short rhizome having long narrow fronds of dark green pinnae which are borne on slender glossy brownish-black stipes. The small stalked pinnae usually bear long, narrow and linear sori towards the margins on undersurface (Moran 1982) . Colonies of A. trichomanes usually grow in fissures where small humus and moss accumulations provide moisture. A. trichomanes is extensively distributed occurring almost over the world and its wide range includes North America, Europe, Australia, New Zealand, and Asia. In Kashmir Himalayas, it grows in small patches distributed throughout the valley up to 3300 m. The two cytotypes have been treated as subspecies of which the diploid (2n=72) was A. trichomanes ssp. trichomanes and the tetraploid (2n=144) was A. trichomanes ssp. quadrivalens D. E. Meyer (Lovis) (Vida 1972) , while other authors (Rothmaler 1963 , Lovis 1964 preferred to give the cytotypes the rank of species (A. trichomanes L. and A. quadrivalens D. E. Meyer, respectively) . Indian taxa of this fern have been described as A. trichomanes ssp. trichomanes and ssp. quadrivalens (Bir 1994) .
Several authors have contributed to the cytology of pteridophytes in India (Bir and Verma 2010) . Abraham et al. (1962) worked on ferns of Southern India. Mehra and Verma (1960) , Mehra (1961) and Bir (1962) worked out the ferns of Western India. Compared to Southern and Western Himalayas, the ferns of Kashmir valley received the attention of few workers (Mehra and Khullar 1980, Razdan et al. 1986 ). The previous cytological studies in ferns are concentrated to the counting of chromosome number. Therefore, this investigation was undertaken by identifying the difference between cytotypes in microstructure and their meiotic course in addition to the chromosome counts, to reveal the pattern of distribution of various cytotypes of A. trichomanes in Kashmir valley.
Materials and methods
The samples of A. trichomanes were collected from various regions including forest areas located at distinct altitudinal ranges in Kashmir Himalayas, India (Table 1 , Fig. 1 ). For meiotic studies, young and developing sporangia from wild accessions were fixed in Carnoy s fixative (ethanol : chloroform : glacial acetic acid, 6 : 3 : 1) for 24 h at room temperature and stored under refrigeration until use. The meiotic course was studied from young sporangia smeared in 1% acetocarmine and several SMCs were scored. Voucher specimens of cytologically worked out accessions were deposited in the Herbarium, Department of Botany, Punjabi University, Patiala (PUN). Spore fertility was estimated by squashing mature sporangia in glycerol-acetocarmine (1 : 1) mixture.
The number of spores per sporangium was counted following the procedure of Huang et al. (2011) . The size of fertile spores was also measured. For epidermal studies, a portion of the fully developed lamina was taken from dry herbarium specimen and boiled in water for 15 min so as to soften it. The specimen was later boiled in 10% NaOH solution for 3-5 min. After washing in water, the epidermal peels were taken off from the specimen, and were stained with 1% safranin and mounted in 50% glycerol. For each population, microcharacters were measured and mean of ten readings was calculated for each individual population. Photomicrographs of SMCs, spores, and stomata were taken from the freshly prepared slides with a Nikon Eclipse 80i microscope.
Results
The plants of 15 populations of A. trichomanes L. were cytologically studied. Two cytotypes diploid (n=36, Fig. 2a ) and tetraploid (n=72, Fig. 2j , k) were observed. This result is consistent with the previous reports (Lovis 1955 , Razdan et al. 1986 , Razdan 1998 . All the studied populations were sexually producing 64 spores per sporangium (Fig. 3p) . Tetraploid plants were collected from low altitude localities (1500 to 2650 m) in districts Anantnag, Baramulla, Budgam, Ganderbal, Kupwara, and Srinagar of Kashmir valley. Diploids were collected from higher altitude localities (2700 to 3300 m) on the Northern side (Baramulla) and Southern side (Kulgam and Anantnag) of Kashmir valley (Fig. 1) . The four populations of diploid cytotype (n=36) were collected from high altitude regions (Table 1 ). In contrast, the 11 populations of tetraploid cytotype (n=72) were collected from high and low altitude regions (Table  1 ). The information regarding microcharacters is also presented in Table 1 and chromosome number, meiotic abnormalities of various populations is summarized in Table 2 .
Noticeable differences were observed in the spore and stomatal sizes among populations of both the cytotypes. Among the presently studied taxa from Kashmir valley the average spore size in diploid taxa was 32.38 24.85 µm and 41.08 34.64 µm in tetraploid plants (Fig. 3k, l) . The studied populations also showed visible variation in stomatal size. The average stomatal size in diploids and tetraploids is 40.02 25.86 µm and 46.33 30.59 µm, respectively. The tetraploid plants of A. trichomanes growing at higher altitudes showed relatively larger stomatal size than the plants at lower altitudes (Table 1) The most frequently observed abnormalities in the populations analyzed were chromatin stickiness, unoriented bivalents, laggards and chromatin bridges, inter- 371 bivalent connections, and formation of triads and polyads, in addition to normal tetrad formation (Fig. 3g-j) . The frequency of these meiotic abnormalities showed some variations among the populations ( Table 2) . The diploid plants (n=36) collected from Apharwat area showed the highest frequency of chromosomal stickiness (86.59%) with least incidence found in plants (60.79%) of Kangdoori population (Fig. 2b, c) . Unoriented bivalents were reported in three populations with highest being in Kangdoori (14.61%) population (Fig.  2h) . Mostly, there was normal segregation of bivalents at anaphase stages but chromatin bridges at anaphase I (A I) and anaphase (A II) were found to be present in two populations of Jawahar tunnel and Aru (Fig. 2d, e) . Similarly, laggards were also observed at A I (Fig. 2f) being highest in the Jawahar tunnel population (24.01%).
SMCs in the plants of all four populations showed interbivalent connections at metaphase I (M I) (Fig. 2g) being the highest (27.18%) in Aru population and lowest (17.65%) in Apharwat population. The non-disjunction or early disjunction of bivalents was also found in the populations (Fig. 2i) . There is the formation of triads (Fig. 3g) and polyads (Fig. 3i) , as a result of these meiotic irregularities. The observed meiotic abnormalities in SMCs have somehow affected the spore fertility resulting in 10-30% of sterile spores (Fig. 3m) .
The tetraploid cytotype is wider in distribution than diploid ones. Tetraploid plants were collected both from high as well as low altitude regions in Kashmir Himalayas. Meiotic observations revealed 72 bivalents at M I and diakinesis (2n=72) (Fig. 2j, k) . Chromatin stickiness is the most common meiotic abnormality encountered in the SMCs (Fig. 2l) . There was normal segregation of chromosomes at A I and A II. However, SMCs of 11.79-29.01% belonging to six accessions showed the presence of laggards at anaphase and telophase stages (Figs. 2o,  3a) , the highest value (29.01%) was observed in population collected from Sinthan-top. Chromatin bridges have been observed at various stages (Fig. 2m , n) in four populations being the highest (20.59%) in Duksum population. The population collected from Doodhpathri showed the highest percentage (34.95%) of interbivalent connections (Fig. 3d) . Two or more bivalents that failed to orient themselves at an equatorial plate, were observed as unoriented bivalents at M I in the plants of seven populations (Fig. 3b, c) . In addition, the meiotic abnormalities such as early disjunction (Fig. 3e) of bivalents, observed in Doodhpathri (11.52%), Sinthan top (10.10%), Prang (8.47%), Dhara (8.32%) and occurrence of vagrants (Fig.  3f) were also observed. As a result of these meiotic aberrations, there is a formation of triads (Fig. 3h ) and polyads (Fig. 3j ) in addition to regular tetrad formation.
Discussion
A. trichomanes is reportedly a species complex and includes cytotypes, i.e., diploid (n=36), tetraploid (n=72) and octaploid (n=144) in India (Razdan et al. 1986 , Razdan 1998 . A number of previously published chromosome counts indicate that A. trichomanes is a sexual diploid (2n=72) (Manton 1959 , Walker 1966 which is consistent with the chromosome count and the number of spores per sporangium confirmed in the present study. Morphologically, both diploid and tetraploid cytotypes are extremely difficult to be distinguished in the field as well as from herbarium specimens as there is not much difference in the external morphology of the two races. Studies on spore measurements in the A. trichomanes complex have indicated that spore size provides a useful estimator of ploidy level among the spleenworts (Ekrt and Stech 2008) . However, it is not always reliable (Barrington et al. 1986 ). In the present study, diploid and polyploid specimens were also distinguished on spore size measurements. Previous studies by Meyer (1962) , Lovis (1964) and Ekrt and Stech (2008) in the cytotypes of A. trichomanes revealed that the diploid plants have strong preference for acidic substrates/rocks such as basalt, sandstone, and granite in contrast to the tetraploid plants which flourishes well in calcium-rich soils such as limestone and dolomite rocks. The tetraploids plants are reported to be more widely distributed than the diploids plants (Ekrt and Stech 2008) . In this study, the diploid plants were collected from four localities belonging to three districts: Anantnag, Baramulla, and Kulgam while as the tetraploid plants were collected from various districts of Kashmir Valley (Anantnag, Baramulla, Budgam, Ganderbal, Kupwara and Srinagar) (Fig. 1) . A similar trend of distribution was observed in diploids and tetraploids of the species in the Kashmir.
Among meiotic abnormalities encountered in presently studied populations of the species, stickiness of chromosomes was most common in all the populations. A majority of the SMCs depicted abnormalities in chromosome behavior, some bivalents failed to arrange properly during M I and a few chromosomes remained out of the equatorial plate. Such bivalents also showed irregular behavior during disjunction and left as laggards during anaphases/telophases. Variable forms of bridge-like single and multiple with variable thickness were also observed in meiocytes. The bridge may originate from chiasma formation in heterozygous inversions (Rothfels 1975) . Genotypic interactions and environmental influence have been seen responsible for such abnormal spindle irregularities (Nirmala and Rao 1996 , Pagliarini et al. 2000 , Fuzinatto et al. 2008 . Also, the failure of chiasma formation, asynapsis or desynapsis may be the possible causes (Gupta and Priyadarshan 1982) . As the meiotic course in this species was abnormal with the formation of triads or polyads and these might reduce spore viability.
The size of spores and stomatal guard cells can frequently be used to infer differences in ploidy levels in ferns (Barrington et al. 1986 , Huang et al. 2006 . Differences in the spore size have been used to distinguish diploids from tetraploids within a species complex (Bir 1966 , Moran 1982 , Tutin et al. 1993 , Metzgar 2016 ). The present study also revealed that there is the difference in the spore size among the populations growing in different habitat conditions. The mean spore length of diploid plants was 29.4 µm, and that of tetraploid plants was 41.0 µm which is consistent with previous reports (Ekrt and Stech 2008 , Moran 1982 , Metzgar 2016 . Stomatal size of diploid and tetraploid plants revealed that tetraploid plants have larger stomata than the diploid plants (Fig. 3n, o) confirming the previous reports (Wagner 1954, Ekrt and Stech 2008) .
There is further need to study the intraspecific variability at the biochemical and molecular level in order to exploit this species complex. 
